All sequences are available from the NCBI and ViPR database ([S2 Table](#pntd.0008090.s004){ref-type="supplementary-material"}).

Introduction {#sec004}
============

Hantaviruses have gained worldwide attention as etiological agents of emerging zoonotic diseases---namely, hemorrhagic fever with renal syndrome (HFRS) in Eurasia and hantavirus cardiopulmonary syndrome in the Americas---with fatality rates ranging from \<10% up to 60% \[[@pntd.0008090.ref001]\]. Among all countries, China is the most seriously affected and accounts for over 90% of the total HFRS cases around the world \[[@pntd.0008090.ref002], [@pntd.0008090.ref003]\]. It has been reported that the HFRS death rate in China was 2.89% during the years 1950--2014 \[[@pntd.0008090.ref004]\]. Although a declining HFRS trend has been observed at a global scale in China, there still exist certain local regions that continue to display increasing HFRS trends \[[@pntd.0008090.ref005]\]. However, the causative agent of the disease remained unknown until the early 1970s, when Lee and colleagues reported on Hantaan virus (HTNV) present in the lungs of its natural reservoir, the striped field mouse (*Apodemus agrarius*) \[[@pntd.0008090.ref006]\].

HTNV, as one of the pathogenic hantaviruses of HFRS, is a member of genus *Orthohantavirus*, family Hantaviridae, in the order Bunyavirales. The virus genome consists of three separate segments of negative-stranded RNA, referred to as small (S), medium (M), and large (L) segments, which encode nucleocapsid protein (NP), two envelope glycoproteins (Gn and Gc), and viral RNA-dependent RNA polymerase, respectively \[[@pntd.0008090.ref007]\]. Recent studies \[[@pntd.0008090.ref008]--[@pntd.0008090.ref010]\] reported genetic diversity and phylogenetic features of HTNV in different parts of China, but the analyses from the holistic perspective are rare. Also, the mechanisms underlying the emergence and evolution of HTNV are poorly understood. Understanding the phylogenetic factors contributing to HTNV transmission has important implications for our understanding of its epidemiology and provides insights about surveillance as well as outbreak predictions and preparation.

In this study, we focused on the genetic diversity and evolutionary history of HTNV. Whole-genome sequences were analyzed with bioinformatic tools. The results revealed the phylogenetic relationships among HTNV strains with both Bayesian and maximum-likelihood (ML) methods. To deduce geographic origins and migration patterns of HTNV epidemics, Bayesian evolutionary analysis sampling trees (BEAST) software was used in this study. Furthermore, the recombination and reassortment events were also detected.

Materials and methods {#sec005}
=====================

Sequence data set {#sec006}
-----------------

All the complete S gene and M gene sequences of *Hantaan orthohantavirus* deposited until June 2019 were collected from Virus Pathogen Database and Analysis Resource (ViPR, [www.viprbrc.org](http://www.viprbrc.org/)). Only one sequence was retained for the identity sequences with the same strain names. It should be mentioned that sequences from Shandong Province (accession no. KY639536-KY639711) were not defined as HTNV by both ViPR and Genebank but can be organized in *H*. *orthohantavirus* (see below). These sequences were still analyzed in this study. All the sequences were aligned using MAFFT version 7 \[[@pntd.0008090.ref011]\] with default settings followed by manual refinement. The coding sequences were retained and used for the following analyses \[[@pntd.0008090.ref012]\].

Recombination detection {#sec007}
-----------------------

As recombination seriously affects phylogenetic inference, the whole data set was tested for the presence of recombination signals using RDP4 \[[@pntd.0008090.ref013]\]. RDP, GENECONV, Maximum Chi-squared, Chimaera, Bootscan, Sister Scanning, and 3Seq were used only on events with *P* values \< 0.01 that were confirmed by four or more methods, which were considered recombination events.

Phylogenetic analyses and amino acid substitution analyses {#sec008}
----------------------------------------------------------

It is reported that recombination sequences will bias the shape of the inferred phylogenetic tree, the branch length, and reconstruction of ancestral sequences \[[@pntd.0008090.ref013]--[@pntd.0008090.ref015]\]. To reduce the potential bias, the recombination segments were first removed from the data sets. The phylogenetic relationships of the complete S and M gene sequences were estimated using a Bayesian Markov chain Monte Carlo (MCMC) method as implemented in MrBayes v3.2.2 \[[@pntd.0008090.ref016]\] and an ML phylogenetic inference as implemented in IQ-TREE v1.6.8 \[[@pntd.0008090.ref017]\]. Dobrava virus, Puumala virus (PUUV), Sin Nombre virus, and Thottapalayam virus were designated as the out-group.

For Bayesian MCMC analysis, the suitability of substitution models for our data sets were assessed using jModelTest v2.1.10 \[[@pntd.0008090.ref018]\], which performed a statistical model selection procedure based on the Akaike information criterion. It identified the best-fitting substitution model GTR+Γ for both data sets of complete S and M gene sequences. The MCMC settings consisted of two simultaneous, independent runs with four chains each, which were run for 20 million generations and sampled every 200 generations with a 25% burn-in.

For the ML analysis, the best-fitting nucleotide substitution model that minimizes the Bayesian information criterion score was selected by ModelFinder \[[@pntd.0008090.ref019]\], implemented in IQ-TREE. An ML tree was constructed using the best-fitting nucleotide substitution model, and statistical robustness of the branching order within the tree was assessed using ultrafast bootstrap support values \[[@pntd.0008090.ref020]\] (1,000 replicates) and the SH-like approximate likelihood ratio test \[[@pntd.0008090.ref021]\] (SH-aLRT, 5,000 replicates). The trees were visualized in FigTree v1.4.4 (<http://tree.bio.ed.ac.uk/software/figtree/>).

The Metadata-Driven Comparative Analysis Tool, supplied by ViPR, was used to analyze the variation of amino acid between the different phylogenetic groups, hosts, and sample collection years. The *P* value threshold was set to 0.05. If a specific amino acid exists only in one species or one group but not in other species or groups, this amino acid is considered as a "significant amino acid" marker (or synapomorphy).

Natural selection analysis {#sec009}
--------------------------

Natural selection analysis was assessed using the Datamonkey web-based facility \[[@pntd.0008090.ref022]\]. Site-specific selection pressure was assessed using four varying methods, including single-likelihood ancestor counting (SLAC), fixed-effects likelihood (FEL), mixed-effects model evolution (MEME), and fast unconstrained Bayesian approximation (FUBAR) \[[@pntd.0008090.ref023]--[@pntd.0008090.ref025]\]. Significance levels were set to *P* \< 0.05, and posterior probability (PP) \> 0.9. The SLAC, FEL, and MEME methods were used to estimate the nonsynonymous to synonymous (dN/dS) ratio, which represents the differential effect of natural selection on these two types of mutations. The lower dN/dS values indicate stronger negative selection against amino acid change. To examine whether episodic diversifying selection had occurred on individual branches, we utilized the adaptive Branch-Site Random Effects Likelihood (aBSREL) \[[@pntd.0008090.ref026]\] method, which is also available on the Datamonkey web server.

Coalescent and evolution analyses {#sec010}
---------------------------------

Complete S gene sequences were used to deduce the evolutionary history of HTNV. To avoid potential biases due to sampling heterogeneity, the data set was reduced using CD-HIT \[[@pntd.0008090.ref027]\] by clustering together sequences with a nucleotide sequence identity threshold of 99%. Temporal evolutionary signal in the ML tree was evaluated by TempEst v1.5.1 \[[@pntd.0008090.ref028]\], which plots sample collection dates against root-to-tip genetic distances obtained from the ML phylogeny tree.

The most recent common ancestor (tMRCA), substitution rates, and evolutionary history were estimated using a Bayesian serial coalescent approach implemented in BEAST v1.10.4 \[[@pntd.0008090.ref029]\]. jModelTest v2.1.10 was used to determine the model of nucleotide substitution that best fit the data set, and the data set was subsequently run using GTR+I+Γ. Both strict and relaxed (uncorrelated exponential and uncorrelated lognormal) molecular clocks were used for the analysis, combined with different tree priors (constant population size, GMRF Bayesian Skyride, and Bayesian skyline were used in this study). Timescale was inferred using an informative substitution rate prior (a lognormal distribution with 95% of the density lying between 1 × 10^−4^ and 1 × 10^−3^ substitutions per site per year) previously estimated for the N gene of rodent-borne hantavirus \[[@pntd.0008090.ref030]\]. Models were compared pairwise by estimating the log marginal likelihood via path sampling and stepping stone analysis \[[@pntd.0008090.ref031]--[@pntd.0008090.ref033]\]. For each model, an MCMC was run for 100 million generations, with sampling every 10,000 steps. All other priors were left on their defaults. Posterior probabilities were calculated using the program Tracer1.7 after 10% burn-in. The results were accepted only if all the parameters have effective sample sizes over 200.

The selected molecular clock/demographic model (strict clock with Bayesian skyline prior in this study) was then used for the Bayesian phylogeographic inference based on the continuous-time Markov chain process over discrete sampling locations to estimate the diffusion rates among locations, with Bayesian stochastic search variable selection. The MCMC was run for 300 million generations, with sampling every 30,000 generations. Convergence was assessed by estimating the effective sampling dates using Tracer and accepting effective sample size values of 200 or more for all the parameters. A maximum clade credibility (MCC) tree with the phylogeographic reconstruction was selected from the posterior tree distribution after a 10% burn-in using the Tree Annotator v1.10 and was manipulated in FigTree v1.4.4. The migration routes were visualized using SPREAD3 \[[@pntd.0008090.ref034]\]. Migration pathways were considered to be important when they yielded a Bayes factor greater than 15 and when the mean posterior value of the corresponding migration event was greater than 0.50. Bayes factors were interpreted according to the guidelines of Kass and Raftery \[[@pntd.0008090.ref035]\].

Results {#sec011}
=======

HTNV sequences data set {#sec012}
-----------------------

A total of 225 complete S gene sequences and 180 complete M gene sequences from 238 HTNV strains were contained in the data set. The sampling dates of the sequences ranged from 1976 to 2017. Most of the samples were collected during 2011--2015 ([Table 1](#pntd.0008090.t001){ref-type="table"}). According to the sample collection area, 18 regions were defined, including Russia, South Korea, and 16 provinces of China ([Fig 1](#pntd.0008090.g001){ref-type="fig"}). More samples were collected from South Korea and Zhejiang, with 67 and 36 strains, respectively. Furthermore, Guizhou and Shaanxi also had a higher number of HTNV samples. The samples were collected from nine kinds of hosts, including *A*. *agrarius* (*Aa*), *A*. *peninsulae* (*Ap*), *Rattus norvegicus* (*Rn*), *Mus musculus* (*Mm*), *Nivienter confucianus* (*Nc*), *Tscherskia triton* (*Tt*), *Mirotus fortis* (*Mf*), *Crocidura russula* (*Cr*), and *Homo sapiens* (*Hs*). *A*. *agrarius*, the main reservoir host for HTNV, has the highest number of samples, with a total of 148 (62.2%) strains isolated. The sampling dates and geographic distribution of the sequences are shown in [Fig 1](#pntd.0008090.g001){ref-type="fig"}.

![Map showing the sampling dates and geographic distribution of HTNV isolates included in this study.\
The geographic distribution of the HTNV isolates analyzed in this study. The size of a pie represents the number of isolates in the corresponding region. The pie slices are colored according to the sampling years. AH, Anhui; GD, Guangdong; GZ, Guizhou; HB, Hubei; HLJ, Heilongjiang; HN, Hunan; HTNV, Hantaan virus; JL, Jilin; JS, Jiangsu; JX, Jiangxi; LN, Liaoning; RUS, Russia; SC, Sichuan; SD, Shandong; SK, South Korea; SX, Shaanxi; TJ, Tianjin; YN, Yunnan; ZJ, Zhejiang. *Map source*: *Natural Earth* (<https://www.naturalearthdata.com/>).](pntd.0008090.g001){#pntd.0008090.g001}

10.1371/journal.pntd.0008090.t001

###### The sampling dates and host distribution in different regions.

![](pntd.0008090.t001){#pntd.0008090.t001g}

  Region         Total   Years   Host                                                   
  -------------- ------- ------- ------ ---- ---- ---- ---- ---- ----- ---- ---- ------ ----
  Anhui          1                                          1               1           
  Guangdong      1                                          1                           1
  Guizhou        23      8              7                   8    9     9    5           
  Heilongjiang   6                           2    3         1    5          1           
  Hubei          4       1              1         1         1    2          2           
  Hunan          1                           1                   1                      
  Jilin          4                      1         2         1    2                      2
  Jiangsu        13                               12        1    4     2    5    Mf:2   
  Jiangxi        6                                5         1    2               Mm:3   1
  Liaoning       7                                7                         7           
  Russia         8                      1                   7    7          1           
  Shaanxi        22      2                   9    3    8         10    1    11          
  Shandong       14                               14             14                     
  Sichuan        2                                          2                    Cr:1   1
  South Korea    78      1              11   14   29   12   11   61         11          6
  Tianjin        1                                          1                           1
  Yunnuan        2               1      1                                        Nc:1   1
  Zhejiang       38                          28   8         2    31              Mf:5   2
  UN             7                                          7               1    Tt:1   5
  Total          238     12      1      22   54   84   20   45   148   12   45   13     20

Abbreviations: *Aa*, *A*. *agrarius*; *Hs*, *H*. *sapiens*; *Mf*, *Mirotus fortis*; *Mm*, *Mus musculus*; *Nc*, *Nivienter confucianus*; *Rn*, *R*. *norvegicus*; *Tt*, *Tscherskia triton*; UN, unknown

Recombination events detection {#sec013}
------------------------------

Recombination events were detected among all the 225 complete S gene sequences and 180 complete M gene sequences from 238 HTNV strains collected in this study. The RDP analysis suggested nine recombination events in six HTNV isolates, and all the recombination events occurred in the M gene segment ([Table 2](#pntd.0008090.t002){ref-type="table"}). Similar recombination events were detected in three isolates (CGAa31MP7, CGAa31P9, CGHu2). All three isolates were collected from 2004 to 2005 in Guizhou Province \[[@pntd.0008090.ref008]\]. This would imply that these isolates have the same ancestor, which has experienced recombination previously. Although only five methods suggested the recombination event occurred in strain JN131026, the *P* values were all lower than 0.01. Considering the consensus score was higher than 0.6 (0.646), we defined it as a recombinant isolate. *P* values of the event tested in strain A16 were in the high credibility level.

10.1371/journal.pntd.0008090.t002

###### Recombination events detected in all HTNV sequences.

![](pntd.0008090.t002){#pntd.0008090.t002g}

  Events   Recombinant   Segment   Beginning   Ending   Major Parent   Minor Parent   Method(s) by which Breakpoint Was Detected in RDP4
  -------- ------------- --------- ----------- -------- -------------- -------------- ----------------------------------------------------
  1        CGAa31MP7     M         1,756       1,916    CGRni1         CGRn15         RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  2        CGAa31MP7     M         2,315       3,402    Q32            CGRn2616       RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  3        CGAa31P9      M         1,756       1,916    CGRni1         CGRn15         RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  4        CGAa31P9      M         2,315       3,402    Q32            CGRn2616       RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  5        CGHu2         M         1,756       1,916    CGRni1         CGRn15         RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  6        CGHu2         M         2,315       3,402    Q32            CGRn2616       RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  7        CGRn93P8      M         2,386       3,402    CGRn93MP8      CGHu2          RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq
  8        JN131026      M         1,413       2,181    JN131027       158577         MaxChi/Chimaera/Bootscan/SisScan/3Seq
  9        A16           M         2,214       3,402    H8205          SN7            RDP/GENECONV/MaxChi/Chimaera/Bootscan/SisScan/3Seq

Abbreviations: HTNV, Hantaan virus; M, medium

Phylogenetic analyses and amino acid substitution analyses {#sec014}
----------------------------------------------------------

The recombination isolates were excluded first. Our phylogenetic analysis showed that 11 groups were defined with the S segment, each with a high degree of support ([Fig 2](#pntd.0008090.g002){ref-type="fig"}). The isolates were mainly clustered together by region. The isolates from South Korea all belonged to group A. All the sequences from Jiangsu Province and one strain from Sichuan (S85_46) Province clustered in group A with sequences from South Korea. Group B was formed with sequences collected from Russia and the northeast of China. The isolates collected in Shaanxi were all clustered in group C, except one strain, 84FLi, which was isolated years ago in 1984. All the three isolates from Hubei constituted group D, and all the isolates from Shandong clustered as a subgroup in group E. The other subgroup of group E contains strains collected from Anhui, Hunan, Shaanxi, Sichuan, Guangdong, and Yunnan. The isolates collected from Zhejiang constitute group G and group H. Group J contains isolates all from Jiangxi. Group K was formed with three isolates from Russia. We noticed that the isolates collected from Guizhou Province were highly divergent. They dispersed in group B, C, F and I, indicating that HTNV has spread in Guizhou for a long period.

![Phylogenetic trees of S and M genes reconstructed by MrBayes.\
Posterior node probabilities/SH-like approximate likelihood values/ultrafast bootstrap values for major nodes (black circles) are shown. Split network analysis of HTNV was also shown. The region and host features for each sample were labeled after the strains' names. The brackets below the group name indicated the regions associated to each group. AH, Anhui; GD, Guangdong; GZ, Guizhou; HB, Hubei; HLJ, Heilongjiang; HN, Hunan; HTNV, Hantaan virus; JL, Jilin; JS, Jiangsu; JX, Jiangxi; LN, Liaoning; M, medium; RUS, Russia; S, small; SC, Sichuan; SD, Shandong; SK, South Korea; SX, Shaanxi; TJ, Tianjin; YN, Yunnan; ZJ, Zhejiang.](pntd.0008090.g002){#pntd.0008090.g002}

There were 10 distinct phylogroups in the M gene tree. The structure of the phylogenetic tree reconstructed by the M gene was identical to the S gene tree, except for seven isolates (CGRn15, CGAa2, CGAa75, CGRn2616, CGRn2618, CGRn45, CGHu3) derived from Guizhou Province. They were classified into group I, but in the S gene tree, they were included in group C. Additionally, isolate N8, collected form Jiangxi, was classified into group G in the M tree but group J in the S tree. This suggested that reassortment events occurred in these strains. The branching order within the lineages differed in S and M trees, which indicates the different evolutionary history between the M and S segments. It should be clarified that all the branching orders were well supported.

We analyzed the variation of amino acids between the different phylogenetic groups. We noticed that five amino acid sites on NP gene and 37 on Gn/Gc gene were group specific and could be markers to distinguish different groups ([Fig 3](#pntd.0008090.g003){ref-type="fig"}). No significant variant was found at the highly conserved pentapeptide motif WAASA, which is thought of as the cleavage site on glycoprotein precursor (GPC) polypeptide into the Gn and Gc transmembrane proteins \[[@pntd.0008090.ref036]\]. To determine whether any of these amino acid sites were located in any known immune epitopes, we compared these significant positions against information about experimentally determined immune epitopes curated by the Immune Epitope Database. We found a total of 19 positions that were located in known immune epitopes ([Table 3](#pntd.0008090.t003){ref-type="table"}). No significant amino acid marker was found among different hosts or collected times.

![The "significant amino acid marker" of each group.\
The specific amino acid sites of each group are marked by different colors. NP, nucleocapsid protein.](pntd.0008090.g003){#pntd.0008090.g003}

10.1371/journal.pntd.0008090.t003

###### The significant sequence variations' locations on immune epitopes.

![](pntd.0008090.t003){#pntd.0008090.t003g}

  Protein          Variation Site            Epitopes                                                                   
  ---------------- ------------------------- ------------------------- ----------------------- ---------- ------- ----- ---
  NP               179                       164302                    NGIRKPKHLY**V**SLPN     V→L        169     183   T
  296              807                       AEAAGCSM**I**             I→V                     288        296     --    
  334              17746                     FS**I**LQDMRNTIMASK       I→V                     332        346     T     
  149047           FS**I**LQDMRNTI           332                       342                     T                        
  Signal peptide   8, 9                      742143                    **VM**ASLVWPV           VM→IM/VI   8       16    T
  Gn               209                       567849                    I**V**CFFVAV            V→A        208     215   T
  216              77254                     **K216**, G217            K→T                                        B     
  218              77257                     **N218**, L415            N→S                                        B     
  501              568239                    PA**I**TFIIL              I→M,V,L                 499        506     T     
  Gc               664                       743275                    G**V**GSVPMHTDLELDF     V→I        663     677   T
  690              743113                    FSLTSSSKYTYRR**K**L       K→R                     677        691     T     
  743694           KYTYRR**K**LTNPLEEA       684                       698                     T                        
  700, 701, 703    743887                    LTNPLEEAQ**SI**D**L**HI   S700G/A, I701V, L703F   691        705     T     
  742696           AQ**SI**D**L**HIEIEEQTI   698                       712                     T                        
  963              742777                    DHINILVTKDIDF**D**N       D→E                     950        964     T     
  40611            LVTKDIDF**D**             955                       963                     B                        
  978              744025                    NLGENPCKIGLQTS**S**       S→A                     964        978     T     
  743579           KIGLQTS**S**IEGAWGS       971                       985                     T                        
  744567           **S**IEGAWGSGVGFTLT       978                       992                     T                        
  1,001            744698                    TCLVSLTEC**P**TFLTS       P→S                     992        1,006   T     
  59502            SLTEC**P**TFL             996                       1,004                   T                        
  742922           EC**P**TFLTSIKACDKA       999                       1,013                   T                        
  1,042            743186                    GKGGHSGS**T**FRCCHG       T→L/S                   1,034      1,048   T     
  744680           S**T**FRCCHGEDCSQIG       1,041                     1,055                   T                        
  1,054            743149                    GEDCSQ**I**GLHAAAPH       I→S/T                   1,048      1,062   T     

Abbreviations: NP, nucleocapsid protein

Natural selection analysis {#sec015}
--------------------------

The natural selection analysis showed that purifying selection plays a dominant role in HTNV evolution, with very low dN/dS values and an abundance of negatively selected sites ([Table 4](#pntd.0008090.t004){ref-type="table"}). The dN/dS values for Gn were the highest, but they still show little evidence of positive selection. In total, 10 positively selected sites in the Gn protein and 11 in the Gc protein were found by MEME. One and 14 positively selected sites in N protein were found by FUBAR and MEME, respectively. We noticed that none of the significant amino acid substitutions sites ([Fig 3](#pntd.0008090.g003){ref-type="fig"}) were being subjected to positive selection. Evidence of episodic diversifying selection was detected in two branches (CGRn53, HoJo) in the phylogeny of M segment by aBSREL.

10.1371/journal.pntd.0008090.t004

###### Summary of selection pressures and codon sites under positive selection.

![](pntd.0008090.t004){#pntd.0008090.t004g}

  Gene   SLAC     FEL   FUBAR   MEME                                     
  ------ -------- ----- ------- -------- --- ---- --- ---- -------- ---- ------------------------------------------------------------------
  NP     0.0339   0     --      0.0341   0   --   1   43   0.0341   14   23, 32, 33, 50, 313, 326, 332, 396, 397, 398, 399, 401, 403, 405
  Gn     0.0520   0     --      0.0450   0   --   0   --   0.0450   10   49, 53, 208, 213, 224, 275, 418, 520, 528, 548
  Gc     0.0305   0     --      0.0242   0   --   0   --   0.0242   11   675, 724, 725, 780, 766, 860, 896, 925, 992, 1,045, 1,105

"N" refers to the number of positively selected amino acids, and "Sites" refers to amino acids sites that were found to be under positive selection.

Abbreviations: dN/dS, ratio of nonsynonymous to synonymous; FEL, fixed-effects likelihood; FUBAR, fast unconstrained Bayesian approximation; MEME, mixed-effects model evolution; NP, nucleocapsid protein; SLAC, single-likelihood ancestor counting

Coalescent analyses and evolution of HTNV {#sec016}
-----------------------------------------

To avoid potential biases in the phylogeographic reconstructions due to sampling heterogeneity, we obtained a "nonredundant" subset including 51 clusters. In order to make our data set represent all 15 regions (there was no sequence with exact collected year from Anhui, Sichuan, and Guangdong), isolate E142, Hunan03, and JS10 were added to the data set. Temporal evolutionary signal analyses showed a positive correlation between genetic divergence and sampling time ([S1 Fig](#pntd.0008090.s001){ref-type="supplementary-material"}). It should be mentioned that though the data set we used showed positive correlation by root-to-tip analyses, it failed to pass the date-randomization test (DRT, [S2 Fig](#pntd.0008090.s002){ref-type="supplementary-material"}) \[[@pntd.0008090.ref037]\]. As DRT is stricter than root-to-tip analyses in clock signal evaluation, we think our data set still shows clock signal, which is not so strong. The strict clock with Bayesian skyline prior model yielded a higher log marginal likelihood than the others, indicating the best-fit model for our data set ([S1 Table](#pntd.0008090.s003){ref-type="supplementary-material"}).

The results of our Bayesian phylogenetic analysis showed that HTNV probably first emerged in Zhejiang Province of China (root PP = 0.28), with a most recent common ancestor in 1214 (95% credibility interval 590--1592; [Fig 4A](#pntd.0008090.g004){ref-type="fig"}). The root PP of Jiangxi, Shaanxi, and Guizhou were also in higher levels. The MCC tree of HTNV obviously showed two separate clusters. One was composed of isolates from the northeast of China and its surroundings, and the other was composed of isolates from the south and middle of China. These indicated that HTNV has been spreading in China for a long time. Reconstruction of the demographic history using the Bayesian skyline plot revealed that the HTNV population size was relatively constant from 1500 to the 1970s, expanded between the 1980s and 1990s, and then stayed steady from 2000 until now ([Fig 3B](#pntd.0008090.g003){ref-type="fig"}). The mean substitution rate of 2.0185 × 10^−4^ substitution per site per year, with a 95% highest posterior density (HPD) that ranged from 9.3435 × 10^−5^ to 3.2011 × 10^−4^, was estimated.

![The MCC tree, root state posterior probabilities, and effective population sizes of HTNV.\
(A) MCC tree showing the evolutionary relationships and timescale of HTNV. Branch colors denote inferred location states, as shown in the legend. The most recent common ancestor and 95% credibility intervals are shown near the node. The root state posterior probabilities for the different regions were shown in the histogram. (B) A map with each region colored by the root state posterior probability. (C) Bayesian skyline plot showing population size through time for HTNV. Highlighted areas correspond to 95% HPD intervals. HPD, highest posterior density; HTNV, Hantaan virus; MCC, maximum clade credibility. *Map source*: *Natural Earth* (<https://www.naturalearthdata.com/>).](pntd.0008090.g004){#pntd.0008090.g004}

The spatiotemporal linkage of HTNV is shown in [Fig 5](#pntd.0008090.g005){ref-type="fig"}. Significant location transitions were found mainly in two regions, the northeast and the middle of China ([Fig 5A](#pntd.0008090.g005){ref-type="fig"}). This indicated that Heilongjiang may be the radiation center of the northeast regions of China and the surrounding areas. Significant migration events were found from Heilongjiang to Liaoning and the Far East of Russia. The migration from Heilongjiang to Khabarovsk was detected at a high credibility level (Bayes factor = 163.0). Shaanxi was assumed as the radiation center of the middle of China. Virus migration from Shaanxi to Tianjin, Yunnan, Hunan, and Guizhou was observed. The number of observed state changes pinpointed Shaanxi as the main source of HTNV epidemics in China, at least in the middle of China, and Heilongjiang as the dominating source of HTNV in northeast of China ([Fig 5B](#pntd.0008090.g005){ref-type="fig"}).

![Reconstructed phylogeographic linkage and the total number of location state transitions of HTNV.\
(A) The phylogeographic linkage constructed reconstruction of the HTNV using BEAST. Color of lines represents the Bayes factor of migration between two regions. The map was created by SpreadD3 software, and the geographic data were provided by Natural Earth (<https://www.naturalearthdata.com/>). (B) Histogram of the total number of location state transitions inferred from the HTNV data set. BEAST, Bayesian evolutionary analysis sampling trees; HTNV, Hantaan virus.](pntd.0008090.g005){#pntd.0008090.g005}

Discussion {#sec017}
==========

In this study, we used the whole-genome sequences of segment S and M obtained from ViPR to analyze the genetic diversity and evolution of HTNV. Our analyses showed that HTNV can be divided into 11 groups. We named the groups based on the S tree for NP gene, which is more stable and has more sequences available. The isolates were geographically clustered. Sequences obtained from the same geographic area clustered together. It is worth noting that sequences from Guizhou were more diverse. We will discuss this later.

A total of 42 significant amid acid variant sites were found among the different groups. More significant variant sites and greater nonsynonymous variations were found for Gn than Gc, which is consistent with membrane-distal localization and supported the assumption that Gn was subjected to selective pressure of the humoral immune response \[[@pntd.0008090.ref038]\]. But selection analyses showed none of these sites were being subjected to positive selection. We noticed more significant variants in group I. Isolates contained in group I were all from Guizhou. The collection dates were from the 1980s to 2000s. This also indicated high genetic diversity of HTNV in Guizhou. In total, 19 significant amid acid variant positions were found located at 25 known immune epitopes. Three of the epitopes are B-cell epitopes, and 21 are T-cell epitopes. It should be mentioned that epitope 807 was predicted by bioinformatics approaches and needs to be validated further. Liang and colleagues \[[@pntd.0008090.ref039]\] reported peptide 437-GQRKVILTKLVIGQ-451 (although the epitope is not recorded in Immune Epitope Database), which showed high antibody binding and replacement at any position of the sequence LTKTLVIGQ (amino acid 443--451), leading to a substantial decrease in reactivity. We found a mutation L447M in group E, which contains isolates collected from Shandong, Shaanxi, and Sichuan. It is also reported \[[@pntd.0008090.ref040]\] that amino acid exchanges of epitope (954-LVTKDIDFD-963) could lead to a loss in reactivity of binding with recombinant human antibodies. We found a mutation, D963E, in group F, which contains isolates from Guizhou, Jiangsu, and Hubei. This might be a clue to the possibility of immune escape in these regions. We found an epitope (ID 742143) located on signal peptide, which showed high binding affinity to HLA-A\*0201 molecules and frequencies of epitope-specific cytotoxic T lymphocytes in the peripheral blood mononuclear cells of patients with HFRS and could induce CD8+ T-cell responses to inhibit HTNV replication \[[@pntd.0008090.ref041]\]. Experimentation is needed to determine whether peptides containing these residues can confer escape or can be used to develop serotype-specific reagents for serology-based diagnostics. No significant amino acid marker was found among different hosts and periods, indicating that geographic region is the main factor affecting the genetic diversity of HTNV. The topologies between the M and S segments are different. We inferred that this was due to the different evolutionary history, which was in accordance with others' assumptions \[[@pntd.0008090.ref042], [@pntd.0008090.ref043]\], but this still needs to be validated in the future.

Our analyses showed that both reassortment and recombination play important roles in HTNV evolution. A number of studies have revealed that genetic reassortment can occur naturally or experimentally between the members of the Bunyavirales \[[@pntd.0008090.ref044]--[@pntd.0008090.ref049]\]. Seven of eight reassortment events occurred in M segments found in our study are consistent with Zou and colleagues \[[@pntd.0008090.ref008]\]. We found nine recombination events in our study. All the recombination events occurred in segment M. The reassortment and recombination events found in Gn/Gc envelope glycoproteins were consistent with their functional roles in the viral escape from immunological responses. It should be noted that recombinant A16, isolated in Shaanxi, has both a major parent, H8205, and a minor parent, SN7. Strain H8205 has been classified into Amur virus, which indicates that recombination occurred across different species in hantavirus. Strain SN7 was isolated in Sichuan, which implies the relationship of the evolution of HTNV between Shaanxi and Sichuan. Evidence of recombination has also been reported for *Tula orthohantavirus* \[[@pntd.0008090.ref050]\] and *Puumala orthohantavirus* (PUUV) \[[@pntd.0008090.ref051]\]; even the recombination in hantavirus is rare \[[@pntd.0008090.ref052]\].

We investigated the evolution and migration of HTNV in China and its surrounding countries using Bayesian phylogeographic inference. Our phylogenetic analyses placed the root of the tree for HTNV in Zhejiang with strong support ([Fig 3B](#pntd.0008090.g003){ref-type="fig"}). But no migration event was found from Zhejiang to other regions. This may result from the lack of whole-genome data from Zhejiang and its surrounding areas. But the reassortment event of strain N8 indicates the correlation of the isolates in Zhejiang and Jiangxi. Markov jump estimates between different locations pinpointed Heilongjiang as an important source of HTNV epidemics in northeast China and the Far East of Russia. This finding may explain the high level of epidemics in these areas since 1931, when HFRS was first recognized in northeast China \[[@pntd.0008090.ref053], [@pntd.0008090.ref054]\], due to the migration from Heilongjiang to its surroundings. In a similar pattern, Shaanxi was recognized as the origin of HTNV spread in the middle of China. These can be explained by a scenario in which the virus was first introduced into these areas and then expanded there. But the transmission sources to Heilongjiang and Shaanxi are still unclear. The samples collected from South Korea have been studied before \[[@pntd.0008090.ref055]--[@pntd.0008090.ref057]\], so we do not discuss them too much here. But the migration of HTNV from South Korea to Jiangsu indicates the possibility of HTNV import from other countries.

Our analyses showed the high diversity of isolates from Guizhou Province. Phylogenetic analyses showed that isolates collected from Guizhou Province clustered in group B, C, F, and I. Seven of eight reassortment events and seven of nine recombination events occurred in Guizhou. We found the same recombination pattern in strain CGAa31MP7, CGAa31P9, and CGHu2. All of these indicate that different sources of HTNV were transmitted to Guizhou and evolved for a long time in this place \[[@pntd.0008090.ref058], [@pntd.0008090.ref059]\]. This assumption could be supported by our Markov jump estimate ([Fig 5](#pntd.0008090.g005){ref-type="fig"}). But our Markov jump estimate as well as the phylogenetic correlation with other regions also indicated the dispersion from Guizhou to other areas, even though no significant migration was found by phylogeographic inference. Furthermore, the PP that Guizhou was the root location was high, so we cannot deny the possibility of Guizhou to be the place of HTNV's common ancestor. With its rich mountainous topography, Guizhou is more than 1,000 meters above sea level, and as much as 92.5% of the province's total area is characterized by mountains. This makes *A*. *agrarius*, the main host of HTNV, sympatric in rural resident areas more common. The Hengduan Mountains region was hypothesized to have played an important role in the evolutionary history of *Apodemus* since the Pleistocene era \[[@pntd.0008090.ref060], [@pntd.0008090.ref061]\]. The Yunnan--Guizhou Plateau, which connects and overlaps with the Hengduan Mountains region, is also thought to play an important role in HTNV evolution. But we only found acceptable migration from Shaanxi to Guizhou in our study. This may result from the lack of sequences in Guizhou. To reduce the bias, recombinant and reassortment isolates were removed before the phylogeographic analysis. We also got rid of similar sequences with identity more than 99%. Thus, limited sequences from Guizhou were used for evolutionary and phylogeographic analyses. More gene information should be collected in order to know more about the HTNV evolution and spread in this area.

The most recent common ancestor of HTNV was determined about more than 800 years ago in our study, which is much earlier than when the first patient with HFRS was reported, in the early 1930s \[[@pntd.0008090.ref062]\]. However, HFRS-like disease was described in Chinese writings about 1,000 years ago \[[@pntd.0008090.ref063]\], so we believe HTNV has spread in China for more than 1,000 years. The most common recent ancestor according to Ramsden and colleagues \[[@pntd.0008090.ref064]\] existed 859 years before the present for all rodent hantaviruses estimated and 202 years before the present for Murinae viruses, with a mean substitution rate for rodent hantavirus of 6.67 × 10^−4^ substitutions per site per year with a 95% HPD that ranged from 3.86 × 10^−4^ to 9.8 × 10^−4^ substitutions per site per year. Partial sequences (275 nt) were used in this study, which can explain the difference in tMRCA estimation. A recent study \[[@pntd.0008090.ref065]\] showed that the estimated rate of nucleotide substitutions for the N gene of all rodent-borne hantavirus was 6.8 × 10^−4^ substitutions per site per year, which is similar to 6.67 × 10^−4^ substitutions per site per year. Our results implied that HTNV evolved at a lower speed compared with the other rodent-borne hantaviruses. The estimated rate of nucleotide substitutions of Dobrava virus and PUUV, 3 × 10^−4^ and 5.5 × 10^−4^ substitutions per site per year, respectively, supports our hypothesis \[[@pntd.0008090.ref030]\].

The relatively recent origin of HTNV apparently contradicts the virus--host codivergence theory. Previous estimates of evolutionary dynamics in hantaviruses were based on the critical assumption that the congruence between hantavirus and rodent phylogenies reflects codivergence between these two groups because of the divergence of the rodent genera *Mus* and *Rattus*, approximately 10−40 million years ago, which indicates a mean substitution rate in the range of 10^−8^ substitutions per site per year \[[@pntd.0008090.ref051], [@pntd.0008090.ref066], [@pntd.0008090.ref067]\]. However, the observation of host--pathogen phylogenetic congruence does not necessarily indicate codivergence. Phylogenetic congruence between a parasite and its host can also arise from delayed cladogenesis, in which the parasite phylogeny tracks that of the host but without temporal association \[[@pntd.0008090.ref068]\]. This could occur if hantaviruses largely evolve host associations by cross-species transmission and related species tend to live in the same area, in which case a pattern of strong host--pathogen phylogenetic congruence could be observed in the absence of codivergence. Our evolutionary rates were estimated directly from primary sequence data sampled at known dates so that they more closely reflect the evolutionary changes undergone by the virus, at least in the short term. And with a mean substitution rate that is closer to other RNA virus, we consider our results to be more reliable than codivergence theory.

It should be noted that the substitution rate and tMRCA of HTNV estimated is not precise and could be improved in the future. As we show in the Results, the data set used for the molecular clock rate and phylogeography analyses did not pass the DRT, which revealed that the molecular clock rate of the data set is potentially unreliable. Therefore, a more accurate substitution rate and tMRCA would be estimated in the future when more sequences with stronger temporal structure are available. Furthermore, the selection pressure analyses showed that purifying selection plays a dominated role in HTNV evolution. It is reported \[[@pntd.0008090.ref069]\] that the presence of strong purifying selection can lead to an underestimation of branch lengths. In our study, we calculated the total branch length of the MCC tree and aBSREL tree using the *compute*.*brlen()* function \[[@pntd.0008090.ref070]\] supplied by ape package in R (<http://ape-package.ird.fr/>). The results showed that the total branch length for the MCC tree is smaller than the aBSREL tree (8.604 to 14.698), indicating the underestimation of the substitution rate and tMRCA of HTNV.

Our demographic analyses revealed that the HTNV population had expanded from the 1980s to 1990s. Because HTNV is a kind of rodent-borne virus, the population size of HTNV is relevant to rodent populations. Previous studies have revealed that climatic factors can influence HFRS transmission through their effects on the reservoir host (mostly rodents of the family Muridae) and environmental conditions \[[@pntd.0008090.ref071]--[@pntd.0008090.ref073]\]. It is reported that global annual average temperatures increased by more than 1.2°F (0.7°C) from 1986 to 2016 relative to temperatures seen from 1901 to 1960 \[[@pntd.0008090.ref074]\]. Global warming may affect rodent winter survival through winter temperatures by a complicated process, and it may also influence the magnitude of HFRS outbreaks through summer climatic conditions (both temperature and rainfall). Additionally, as global climate change accelerates, the amount of annual rainfall increased accurately \[[@pntd.0008090.ref075]\]. Moreover, agriculture improved rapidly in China during the same period, leading to more available food, which increases the reproduction rates of rodents. The steady effective population from 2000 until now has resulted from the successful strategy for HTNV prevention in China; however, it is worth noting that the uncertainty of demographic analyses increases toward the root of the genealogy, where population history is reconstructed from fewer lineages, and a majority of samples in our data set were collected in recent years. Thus, the population size of the viruses may not be precise, but the increase from the 1980s to 1990s and the constant size after 2000 could be used as a reference for HTNV demographic inference.

However, some caution must be taken when interpreting our results. We have estimated the age of genetic diversity based only on N gene sequences; the evolutionary rate of HTNV may be underestimated. The Gn/Gc envelope glycoproteins are more diverse and considered to evolve at a higher speed. Furthermore, there may be geographic biases due to the imbalance in the collection of sequences from different regions. Because we did the research using whole-genome sequences, partial sequences are not comparable; for instance, partial sequences from different research may be located in different regions of whole genome. The lack of whole-genome sequences in some regions may result in the lack of knowledge about HTNV migration. In addition, lack of sequences of L gene can be obtained now. More gene information should be collected and shared to solve these problems.

In conclusion, our study revealed 11 groups of HTNV and 43 significant amino acid markers for different groups which could be connected with different regions. We hope it could be an indicator of immune effect evaluation of vaccine in different regions. Both recombination and reassortment events can be detected in HTNV. The origin and migration of HTNV were also shown by our analyses. We found that Heilongjiang, Shaanxi, and Guizhou played important roles in HTNV evolution and migration. It is crucial to pay more attention to HFRS prevention and control in these areas. Because rodent populations and activity influence the spread and increase of HTNV, rodent prevention and control is an effective way to reduce the incidence of diseases, which has also been proved by other studies \[[@pntd.0008090.ref076], [@pntd.0008090.ref077]\]. And a steady effective population from 2000 until now indicates that this is a successful strategy for HTNV prevention. These data provide important insights for better understanding the genetic diversity and spatiotemporal dynamics of HTNV and would be useful for disease prevention and control.
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Reviewer\'s Responses to Questions

**Key Review Criteria Required for Acceptance?**

As you describe the new analyses required for acceptance, please consider the following:

**Methods**

-Are the objectives of the study clearly articulated with a clear testable hypothesis stated?

-Is the study design appropriate to address the stated objectives?

-Is the population clearly described and appropriate for the hypothesis being tested?

-Is the sample size sufficient to ensure adequate power to address the hypothesis being tested?

-Were correct statistical analysis used to support conclusions?

-Are there concerns about ethical or regulatory requirements being met?

Reviewer \#1: The objectives of the study are clear, as this research is largely exploratory, hypothesises are not required.

The study design is appropriate to the stated objectives.

The source of viruses sequences are clearly described and appropriate.

The sample sizes are appropriate for an exploratory phylogenetic study such as this.

The correct statistical analyses were used throughout, though see the important comment on the priors in the results section.

No ethical concerns.

Notes on specific issues that should be addressed:

At line 180 it is noted that " Only parameter estimates with ESS values exceeding 200 were accepted." Does this mean that all parameter values had ESSes exceeding 200 or just that those used in the analysis did? Ideally all parameters should have ESSes exceeding that threshold not just those parameters of direct interest, because there is no explicit tracking of the mixing of the tree topology, which often mixes worse that everything else, and most other parameters are themselves conditional on that topology. If a significant number of parameters in the analyses did not have ESSes greater than 200, the analysis should be rerun. If all parameters did have ESSes greater than 200, that statement should be modified for clarity.

Reviewer \#2: Objectives of the study are clear and the study design is in keeping with similar published analyses. Sample size is sufficient to address hypotheses being tested, however tests taking strong negative selection into account are needed to properly estimate branch lengths and therefore TMRCA analysis. Additionally, the substitution rate should be validated using a date-randomisation test and the temporal signal of the dataset, which the authors analysed using TempEST, should be shown in order to give an idea of how strong the clock signal is.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Results**

-Does the analysis presented match the analysis plan?

-Are the results clearly and completely presented?

-Are the figures (Tables, Images) of sufficient quality for clarity?

Reviewer \#1: The analysis presented matches the analysis plan.

Results are clearly presented.

Figures and tables are of sufficient quality for clarity, however, some changes are suggested below.

At line 262 it is noted that "The branching order within the lineages differed in S and M trees, which indicates the different evolutionary history between the M and S segments." It would be useful to add a sentence clarifying if this difference in branching order between the S and M segments is well supported, or whether there is high topological uncertainty in the relevant regions.

The estimation of the substitution rate in this paper is concerning. The bounds estimated are "a 95% HPD that ranged from 1.0001 х 10-4 to 3.2076 х 10-4 . The lower bound is butting right up against the edge of the uniform prior placed on the parameter by the authors, which ends at 1 х 10-4. This is a strong indicator that the data supports a lower evolutionary rate than the prior is allowing. A looser prior (such as a lognormal with 95% of the density lying between 1 х 10-4 and 1 х 10-3) would have avoided this issue, while providing much the same prior information. The model should be rerun with such a looser prior to test the how this changes the estimated evolutionary rate unless the authors have a convincing argument that their assessed subjective probability of the the rate being below 1 х 10-4 genuinely is zero (though this seems unlikely).

Table 2 is unclear, as it is not actually stated what the amino acid change is in each epitope. A column showing something along the lines of "V -\> I" should be added in order to make the table more user friendly.

Figure 3 is weirdly stretched and letters have different heights (the "I"s for example are disproportionately tall), this should be amended, so that at least all letters have the same height.

It would be useful to change pane B of figure 4 to a map of China with each province coloured by the posterior probability that it contained the root, so that the data can considered spatially, as it is discussed in the text (i.e. to see how highly supported areas are spatially co-located).

Reviewer \#2: Data presently closely matches the analysis plan and the results are clearly laid out in a sensible and logical order. The authors note that isolates from Guizhou province were highly divergent and group in phylogroups B, C, E, F and I. They do not discuss the possibility of movement of HTNV between areas at this point, and whether it is possible that isolates which evolved in Guizhou province have been dispersed recently into other regions - this would tie together with figure 6 where the movement of HTNV is analysed.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Conclusions**

-Are the conclusions supported by the data presented?

-Are the limitations of analysis clearly described?

-Do the authors discuss how these data can be helpful to advance our understanding of the topic under study?

-Is public health relevance addressed?

Reviewer \#1: Conclusions are supported by the data presented.

The limitations of the analysis are clearly presented.

The authors discuss how these data advance our understanding of the topic under study.

Public health relevance is not directly addressed.

At line 379 the authors note: "Markov jump estimates between different locations pinpointed Heilongjiang as an important source of HTNV epidemics in northeast of China and far east of Russia. This finding may explain the high endemic in this area since 1931, when HFRS was first recognized in northeast of China." It seems more likely that the presence of virus in Heilongjiang allowed it to become the source of the the HTNV epidemics in other regions rather than vice versa. This alternative possibility should be quickly addressed.

The authors should comment on how much of the estimated recent increase in the population size of the viruses estimated in their skyline analysis they believe is real and how much is due to the sampling of recent diversity being much more complete than historical diversity. If few lineages that were present historically survive, there is limited information to estimate the demography backwards in time, as much of the diversity that was present then is missing from a sample collected in the present era, an issue that may be exacerbated by the auto-correlative effect that is inbuilt in the skyline demographic prior which penalises changes in demography when the evidence for them is weak.

Reviewer \#2: The conclusions of the authors are supported by the data however these conclusions could be reinforced by additional analyses as described below. The limitations of the data are clearly discussed by the authors and the public health relevance of HTNV and the study are discussed at length.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Editorial and Data Presentation Modifications?**

Use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity. If the only modifications needed are minor and/or editorial, you may wish to recommend "Minor Revision" or "Accept".

Reviewer \#1: The manuscript uses acronyms before they are defined in the text. The definition of an acronym should occur with the first use throughout. (e.g. HFRS at line 22)

The authors should note whether any priors for Bayesian analyses were modified from their default values beyond those mentioned in the text. If not, the statement "All other priors were left on their defaults" would aid in clarity.

Reviewer \#2: Fig.1 is difficult to interpret - it may be more effective to convey the isolate sampling locations on a map, with pie charts depicting the years of isolations of samples with the size of the charts directly related to the number of samples from that region. It may also be more effectively communicated as a simple table. A map of the sampling locations would also be helpful when interpreting the ML trees presented in Fig.2, to help the reader determine whether geographically distant isolates also appear more or less divergent. Figure 2 is missing a distance bar showing the divergence of the isolates as substitutions/site/year. Figure 4 is presented well however the colour coding changes from part A to part B making interpretation of the root analysis more difficult. In figure 5 the Bayes factor of the movement may be better presented as a colour gradient as opposed to line width, with a legend clearly showing the gradient - this may be easier to interpret than line width.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Summary and General Comments**

Use this section to provide overall comments, discuss strengths/weaknesses of the study, novelty, significance, general execution and scholarship. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. If requesting major revision, please articulate the new experiments that are needed.

Reviewer \#1: I think that this is a good study, providing important background to the evolution of Hantaan virus. The analysis was rigorous, and the results presented are very interesting. I however, cannot in good faith recommend publication until the Bayesian phytogeographic analysis repeated with a prior that does not have a hard bound at 1 х 10-4 for the reasons that I articulated in the Results section, if only because it is unclear to me what effect this assumption has on all the other phylogeographic and demographic results in the manuscript.

I do not want the authors to take this as a damning criticism however, I think that broadly this is a very good piece of work, and once the effects and of this assumption are tested and my other comments are addressed, I will be very happy to recommend it for publication.

Reviewer \#2: Study is well presented and the methods and bioinformatic approaches used by the authors are standard and well characterised. The conclusions reached by the authors are acceptable but could be validated further.

Authors identify amino acid substitutions present in phylogroups, and show that several of these are in known immune epitopes, however it would be informative to complement this with a selection analysis. This would determine whether any of these sites are being subjected to positive selection which would lend credence to the importance of the substitutions affecting known immune epitopes.

Additionally, analysis of selection in the dataset would be helpful to shed light on the level of negative selection working on the HTNV genomes. Previous analyses using smaller datasets have shown that HTNV is subjected to strong purifying selection so this larger dataset could corroborate this. More importantly, it has been shown that the presence of strong purifying selection can lead to an underestimation of branch lengths which, when investigating the tMRCA, can result in a spurious, recent estimation (Wertheim, J.O., Pond, K., L, S., 2011. Purifying Selection Can Obscure the Ancient Age of Viral Lineages. Mol Biol Evol 28, 3355--3365. <https://doi.org/10.1093/molbev/msr170>).

The authors admit \"The relatively recent origin of HTNV apparently contradicts the viral-host codivergence theory\", therefore it would be helpful to re-estimate a ML tree using the adaptive branch site random effects likelihood (aBS-REL) model in addition to the GTR+Γ model in order to compare the reaulting branch lengths and therefore determine the validity of the estimated tMRCA.

The authors investigate the evolutionary history of HTNV using BEAST, however they first analyse the clock signal of the data set using TempEST - it would be helpful to include this graph in the supplementary figure in order to show how strong the temporal signal is. Furthermore, the validity of the estimated substitution rate could be explored using a date-randomization test, in which the dates of sampling for each sequence are randomised to present a null model with which to compare substitution rates (Duchêne, S., Duchêne, D., Holmes, E.C., Ho, S.Y.W., 2015. The Performance of the Date-Randomization Test in Phylogenetic Analyses of Time-Structured Virus Data. Mol. Biol. Evol. 32, 1895--1906. <https://doi.org/10.1093/molbev/msv056>)

Reviewer \#3: In their manuscript, Li et al present an analysis of the molecular diversity and spatio-temporal distribution of HTNV genomic sequences found in different provinces of China and nearby areas of South Korea and Russia. HTNV, hosted by rodents of the muridae family, is endemic in China and causes many human cases of HFRS. To get insight into the molecular diversity and evolutionary history of orthohantaviruses, the authors make use of S and M sequence datasets from 238 HTNV strains, collected from 1976 to 2017, available on the "ViPR" website. The authors applied many computer programs and maximum likelihood approaches to built phylogenetic trees, defining 11 different phylogroups of HTNV clustering in specific geographical areas and exhibiting specific amino acid substitutions. Then, by Bayesian phylogeographic inference and time scale studies, they identify migration patterns, population density and emergence, more than 800 years ago in the Zhejiang province, of the most recent common ancestor of HTNV in China.

Major points.

The study is of great interest for epidemiologists and virologists to understand evolution of orthohantaviruses. It also concerns computer scientists and mathematician since it entirely relies on bio-informatics tools. More and more investigations using databases report on genetic diversity of HTNV in provinces of China or South Korea. The present study covers a larger area and time scale. However the reading of the manuscript is made difficult due to the use of many informatics programs abbreviated and listed in the results. Analyses of the results supporting the driven conclusions are not always clearly exposed.

1- The detail of the sequences in the datasets used in the study and presented in the fig 1 as stack columns is very difficult to interpret. It would help having first a panel showing a map of the provinces from east China and neighbouring South Korea and Russia with spot illustrating a range for the number of collected sequences. A table summarizing the data of the number of sequences collected per region, host and years could also be added. Also in the corresponding result section there is no remark made on the distribution of the collected sequences. The authors should comment for instance on the higher number obtained from South Korea then Zhejang, the main hosts and also the few isolates from Rattus norvegicus and possible relationship between HTNV prevalence in the natural reservoir and human host in different regions.

2- The authors eliminated recombination and reassortment events from analysis to reduce bias but the potential impact it could have on the phylogenetic trees is not explained, although such events contribute to the evolution of orthohantaviruses. The group clustering of S an M sequences together with regions is clear. However, the many different colours used in the Fig.2, make the reading difficult. In addition to the colour legend, the authors should add, into brackets below the letters identifying the phylogroups, right side of the trees, the same abbreviations as used in fig.1, to indicate the regions associated to each group. Also the identification of 42 specific amino acid substitutions associated to the different groups is interesting. The authors could discuss more the relationship with the immune epitopes: - are they B or T cells epitopes: -the fact that most of the varying sites are found in Gn (26/42), but only 6 are located in a immune epitope in contrast to the 11/42 sites found in Gc among which as much as 10 positions belong to such epitopes; -etc..

3- The different ML approaches, phylogeographic linkage and state transition analyses lead to an impressive amount of information but still some aspects are quite intriguing and could be worth considering such as: -the origin of the common ancestor in Zhejang in 1198, not appearing as a radiation center, -the high genetic diversity of HTNV from Ghizou segregating in different phylogroups, explained by a long evolution history relating to topology but also a lack of sequences. Could Ghizou be the place of HTNV common ancestor in China This should be confronted to the study of Zou et al (8) proposing Ghizou as a radiation centre, -the different evolution history of M and S segment also associated to topology is not clear.

4- Important issues to be addressed are whether and how a low number or incompleteness of sequences, as well as including or not other regions, could impact the results. The case of South Korea and phylogeographic linkage could be further discussed. The authors propose that their findings could help to understand hantavirus epidemics and to develop prevention strategies. They should discuss in which way and include similar recent approaches strengthening this idea (for instance, Zheng et al 2019 [doi.org/10.1371/journal.pntd.0007148](http://doi.org/10.1371/journal.pntd.0007148))

Other points

English language should be revised and many typos and spelling mistakes corrected. Too many abbreviations are used and some are not defined (tMRCA lane 157, HPD lane 311).

Authors should define what they mean by analyses done from a holistic perspective (lanes26, 53 and 83) as compared to traditional approach (lane 57).

At the end of the author summary, from lane 52, sentences are just redundant. Such repetition occurred several times as for instance in the discussion lanes 339-341

The nomenclature should be corrected by referring to the last ICTV recommendations with italic and majuscules used accordingly and should be harmonised along the manuscript. For instance HTNV does not belong to the Bunyaviridae family (lane 48) but to the Hantaviridae family in the genus Orthohantavirus as written lane 77.

The colour code in Fig.4B defining the regions is different from the one in Fig.4A. This is confusing and this legend is just unnecessary and should be removed since the regions are clearly written on the left of the plot fig.4B. The authors could just draw black bars. In the case of Fig 5A the visualisation of the phylogeographic linkage could be better if diminishing the size of the character font.
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Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

Reproducibility:

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see <https://journals.plos.org/plosntds/s/submission-guidelines#loc-methods>
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19 Jun 2020

Dear Liang,

Thank you very much for submitting your manuscript \"Genetic diversity and evolution of Hantaan virus in China and its neighbors\" for consideration at PLOS Neglected Tropical Diseases. As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by several independent reviewers. The reviewers appreciated the attention to an important topic. Based on the reviews, we are likely to accept this manuscript for publication, providing that you modify the manuscript according to the review recommendations.

Please take for the revision into account comments on BEAST analysis, check for consistency/errors and ensure the paper can be carefully re-read by a native English speaker.

Please prepare and submit your revised manuscript within 30 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email.  

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to all review comments, and a description of the changes you have made in the manuscript. 

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Alain Kohl

Guest Editor

PLOS Neglected Tropical Diseases

Waleed Al-Salem

Deputy Editor

PLOS Neglected Tropical Diseases

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Please take for the revision into account comments on BEAST analysis, check for consistency/errors and ensure the paper can be carefully re-read by a native English speaker.

Reviewer\'s Responses to Questions

**Key Review Criteria Required for Acceptance?**

As you describe the new analyses required for acceptance, please consider the following:

**Methods**

-Are the objectives of the study clearly articulated with a clear testable hypothesis stated?

-Is the study design appropriate to address the stated objectives?

-Is the population clearly described and appropriate for the hypothesis being tested?

-Is the sample size sufficient to ensure adequate power to address the hypothesis being tested?

-Were correct statistical analysis used to support conclusions?

-Are there concerns about ethical or regulatory requirements being met?

Reviewer \#1: (No Response)

Reviewer \#2: The authors have done very well to address the comments of the reviewers. With the exception of some minor points the manuscript is ready for publication.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Results**

-Does the analysis presented match the analysis plan?

-Are the results clearly and completely presented?

-Are the figures (Tables, Images) of sufficient quality for clarity?

Reviewer \#1: (No Response)

Reviewer \#2: The authors have amended the figures exactly as recommended by the reviewers.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Conclusions**

-Are the conclusions supported by the data presented?

-Are the limitations of analysis clearly described?

-Do the authors discuss how these data can be helpful to advance our understanding of the topic under study?

-Is public health relevance addressed?

Reviewer \#1: (No Response)

Reviewer \#2: The authors carried out the date randomisation test as requested, which revealed that the molecular clock rate of the dataset is potentially unreliable. This information should be presented before any discussion of the molecualr clock rate and phylogeography, as discussing results before revealing that they are unreliable may be misleading to readers. This would ideally be described on line 284. It would also be interesting for the authors to discuss the potential mechanism behind this unreliable clock rate.

The authors also carried out the selection analysis as requested, including using the aBS-REL method. As mentioned, strong purifying selection can lead to an underestimation of branch lengths, however the authors have not fully investigated this. In order to determine whether their branch lengths are under estaimated the total branch length of the BEAST tree, and the tree produced by the aBS-REL method must be calculated in R using the ape package (http://ape- package.ird.fr/). If the total branch length for the BEAST tree is smaller than the aBS-REL tree, then the purifying selection in the dataset results in an underestimation of branch lengths and therefore a spurious substitution rate and TMRCA.

Reviewer \#3: (No Response)

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Editorial and Data Presentation Modifications?**

Use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity. If the only modifications needed are minor and/or editorial, you may wish to recommend "Minor Revision" or "Accept".

Reviewer \#1: (No Response)

Reviewer \#2: The authors have amended all previous editorial mistakes.

Reviewer \#3: The authors addressed most of the points raised in my previous report and clarified many aspects of the results. They also modified the figures, as suggested, making them now more easily understandable and helpful.

I suggest that the authors correct a few inconsistencies in their manuscript:

\- lane 190-192: since non explained abbreviations are used for the different hosts, in table 1 and figure 2, they should be introduced first after each species inside brackets.

\- lane 194: the detail of the sequences are not appearing in fig 1 but in fig 2, also lane 197 the map shows a "geographic distribution" rather than 'the localities of HTNV?"

\- lane 234: it is written that isolates from Guizhou dispersed in group B,C, E, F and I, but neither N nor M sequences isolated from Guizhou province are found in group E as shown in fig 2.

\- page 17: the new paragraph about natural selection is not clearly presented and it will be important to define in the text what is dN/dS used in the table 4.

\- Lane 363: reassortment can occur between arthropod-borne viruses from the Bunyavirales order, but not only, since this has been described also for rodent-borne hantaviruses , as indicated in the references (44-48) mentioned by the authors.

\- Lane 382: " this finding may explain the high endemic(?) in these areas.." Do the authors mean "this finding might be explained by high-endemicity... or that this finding may explain the high level of epidemics in this area..." which is then redundant with the previous sentence (lane 381).

Also, there are still many spelling and syntax errors to be corrected in order to improve the writing.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Summary and General Comments**

Use this section to provide overall comments, discuss strengths/weaknesses of the study, novelty, significance, general execution and scholarship. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. If requesting major revision, please articulate the new experiments that are needed.

Reviewer \#1: Given that I answered all these questions the first time around, I will ignore them this time. Just to say, I am happy with the way the authors have addressed the changes I requested, and am happy to now recommend this paper for publication. Below I will note some copy-editing changes that I noticed are required as I went back through the manuscript.

Line 85: \"bio-information\" should be \"bioinformatic\"

Line 189: \"had higher number\" should be \"had a higher number\"

Line 359: \"others' assumption\" should be \"others\' assumptions\"

Line 384/385: \"Similar pattern\" should be \"In a similar pattern\"

Line 389: \"discuss too much here\" should be \"discuss them too much here\" or similar

Line 400: \"Furthermore, root state posterior probability of Guizhou was also in a high level.\" This is clunky. Something similar to \"Furthermore, the posterior probability that Guizhou was the root location was high.\" would be better.

Reviewer \#2: The authors have done very well to address the comments of all reviewers. The revised data presentation and revised BEAST analyses are of great benefit to the manuscript. Everything asked of them has been covered with the exception of two small points:

In figure S1, there are four outlier sequences isolated between 1980 and 1990 who\'s root-to-tip divergence does not match well with the tiem oftheir isolation. Have the authors tried excluding these fromt the analysis? These sequences may contribute to the unreliable clock rate.

As discussed above, total branhc lengths for the BEAST and aBS-REL tree must be calculated and comapred.

Reviewer \#3: (No Response)
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While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [https://pacev2.apexcovantage.com. PACE](https://pacev2.apexcovantage.com. PACE) helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Data Requirements:

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

Reproducibility:

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see <http://journals.plos.org/plosntds/s/submission-guidelines#loc-materials-and-methods>
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8 Jul 2020

Dear Liang,

We are pleased to inform you that your manuscript \'Genetic diversity and evolution of Hantaan virus in China and its neighbors\' has been provisionally accepted for publication in PLOS Neglected Tropical Diseases.

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch with a set of requests.

Please note that your manuscript will not be scheduled for publication until you have made the required changes, so a swift response is appreciated.

IMPORTANT: The editorial review process is now complete. PLOS will only permit corrections to spelling, formatting or significant scientific errors from this point onwards. Requests for major changes, or any which affect the scientific understanding of your work, will cause delays to the publication date of your manuscript.

Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us now if you or your institution is planning to press release the article. All press must be co-ordinated with PLOS.

Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Neglected Tropical Diseases.

Best regards,

Alain Kohl

Guest Editor

PLOS Neglected Tropical Diseases

Waleed Al-Salem

Deputy Editor

PLOS Neglected Tropical Diseases
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23 Jul 2020

Dear Liang,

We are delighted to inform you that your manuscript, \"Genetic diversity and evolution of Hantaan virus in China and its neighbors,\" has been formally accepted for publication in PLOS Neglected Tropical Diseases.

We have now passed your article onto the PLOS Production Department who will complete the rest of the publication process. All authors will receive a confirmation email upon publication.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any scientific or type-setting errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript. Note: Proofs for Front Matter articles (Editorial, Viewpoint, Symposium, Review, etc\...) are generated on a different schedule and may not be made available as quickly.

Soon after your final files are uploaded, the early version of your manuscript will be published online unless you opted out of this process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Neglected Tropical Diseases.

Best regards,

Shaden Kamhawi

co-Editor-in-Chief

PLOS Neglected Tropical Diseases

Paul Brindley

co-Editor-in-Chief

PLOS Neglected Tropical Diseases
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